Introduction {#S1}
============

Core strength has been defined as the core or trunk muscles capacity to produce and maintain force ([@B39]). Based on this definition, core strength can be evaluated from the perspective of maximum strength ([@B29]), power ([@B30]) or even the ability to maintain force over time, which is called strength-endurance ([@B18]; [@B39]; [@B8]). Maintaining good endurance of the trunk and hip muscles (core) has been considered important for sports performance ([@B35]), injury prevention ([@B14]), and rehabilitation ([@B40]; [@B7]). Theoretically, core endurance permits core stabilization for prolonged durations, which in turn, would facilitate acute and persistent force transmission and production during sports and daily life activities. This statement has been reinforced by experimental results, which have shown that core fatigue reduces the ability to produce shoulder strength during isometric contractions ([@B27]). These findings suggest that core fatigue hinders the stabilization of the core structures, which in turn, reduces the force production ([@B15]; [@B31]). However, it is still unclear to what extent core endurance could influence functional or athletic performance ([@B36]; [@B20]; [@B35]). In this sense, the studies are contradictory when evaluating the relationship between core endurance and athletic or functional related parameters ([@B20]; [@B35]). For example, in the elderly population, the morphology (cross-sectional area) ([@B32]), and muscle strength ([@B29]) of the core influenced functional ability of this population. However, [@B20] found positive but low to moderate correlations between core endurance and soccer players' sports performance suggesting that core endurance training should not be an important target for the conditioning of this soccer athletes. It should also be noted that this relationship was not found in amateur athletes ([@B21]).

Based on this controversy, it seems plausible that core strength (maximal or endurance) can influence functional or athletic performance in different ways, depending on the population characteristics (athletes or sedentary, young or old individuals). Hence, core endurance could be a conditional capability, which only affects functional ([@B13]) or deficit conditions ([@B6]). For this reason, data showe that the core endurance has a positive effect on the motor performance in physically inactive individuals ([@B21]; [@B34]). Based on this argument, a proper core fitness status could indeed be a determinant for functional outcomes in the sedentary population. However, most of the studies that seek to evaluate the influence of core endurance on performance use athletes as the sample population ([@B21]; [@B3]; [@B35], [@B34]). To our knowledge this hypothesis has not yet been tested with less active, more sedentary individuals. This research would help to understand the contribution of core endurance during activities of daily living, facilitating the prescription of training that seeks to improve/maintain the functionality of this population.

Despite this, it is hypothesized that core endurance plays a key role in providing greater stability to the average untrained individual ([@B11]). Unlike athletes who seem to have adequate core endurance, the individuals with low physical activity levels probably have a lower core endurance level, which in turn may prevent the transfer of force from the center of the body to the extremities. Previous results with other populations such as those with chronic low back pain, where the core endurance deficit influences the functionality may confirm this idea ([@B37]). Hence, there could be a relationship between core endurance and muscular performance, since endurance would provide an improvement in the core stability and therefore a more functional optimal kinetic chain optimization (distribution of force from the core to the extremities). Thus, to our knowledge, there are no studies that analyzed and compared the potential influence of core endurance on the muscular and athletic performance of underactive and young individuals. Therefore, the main objective of this study was to analyze the association between core endurance with functional and athletic performance in sedentary and inactive young individuals. It was hypothesized that core/trunk endurance would demonstrate significant and positive relationships with functional and athletic performance measures.

Materials and Methods {#S2}
=====================

Participants {#S2.SS1}
------------

Endurance variables were considered for the power sample calculation. Based on *a priori* statistical power analysis (G-Power 3.1.9.4 for Windows, University of Düsseldorf) it was determined 64 participants would be needed to achieve an alpha of 0.05, power of 0.8 and an effect size of 0.5 ([@B14]). Thus, 64 healthy young individuals between 18 and 45 years took part in this study: with 28 male participants (Age: 26.0 ± 6.5 years; Mass: 74.6 ± 12.8 kg; Height: 1.74 ± 0.08 m; BMI: 19.0 ± 6.8 kg/m^2^) and 36 female participants (Age: 23.8 ± 6.7 years; Mass: 64.6 ± 10.2 kg; Height: 1.62 ± 0.06 m; BMI: 25.0 ± 5.3 kg/m^2^). All participants were classified as inactive individuals according to the physical activity level questionnaire ([@B17]) as they did not perform any type of physical exercise in the last 3 months. Individuals who (a) suffered low back pain in the last 6 months, (b) ankle instability, (c) metabolic diseases (i.e., diabetes, hypertension, dyslipidemias), osteoarticular or musculoskeletal disorders were excluded from the study sample. This study was approved by the Regional Committee of the Federal University of Sergipe (CAAE: 68725017.3.0000.5546-053820/2017). The participants were voluntary and signed the informed consent form. All the research was in compliance with the Ethics Code of the World Medical Association (Helsinki Declaration).

Measures {#S2.SS2}
--------

All the participants were informed about the expectations and procedures of the study as well as the test features. The tests were performed on two different days, 24 h apart. The tests were distributed over 2 days, so that the execution of one test would not interfere with the execution of another test. Thus, the tests that induced the most physical exhaustion were performed last. In addition, sufficient rest was given between each of the prior tests to ensure fatigue was not a factor. On the first day, participants performed the following tests in this sequence: countermovement jump (CMJ) followed by 20 min rest, T-run test (followed by 20 min rest), maximum dynamic strength (one repetition maximum, 1RM) of the bench press, pull row and leg press machine (followed by 40 min rest) and push-ups. On the second day, alternative tests were performed in the following order: muscular power (bench press, pull row, and leg press machine) and core endurance tests (front bridge, back extension, and side-bridge) with a 50 min rest between the sets of tests. Between the bench press, pull row and leg press tests, a 20 min recovery was provided. This occurred for both 1RM and power tests. The detailed description of each test can be found in a previous study except for the muscle power protocol ([@B28]).

Design and Procedures {#S2.SS3}
---------------------

In this study, a multivariate regression design was applied to clarify the potential influence of core endurance on athletic and functional performance in young sedentary people. Specifically, tests of core isometric endurance (front, back, and side-bridge tests) were performed until task fatigue (inability to maintain correct posture). These tests were used as independent variables. The dependent variables were: functional movement screen (FMS), CMJ, sitting and standing up, push-ups in 1 min, *T*-test Agility, Yo-Yo maximum dynamic strength-1RM) and power in the bench press, leg press, and pull row machines.

Endurance of upper limb muscles was measured by counting the highest number of push-ups in a 1 min period. Hands were placed at shoulder width. Push-ups were performed with support at the feet or knees for men and women, respectively. An experienced evaluator controlled the elbow joint extension and flexion range of motion to 0--90°, respectively ([@B9]; [@B41]). With the T-run test, individuals ran as fast as possible (9.14 m forward) and touched a cone (A), then sprinted right (cone B -- 4.57 m) and then left (cone C -- 4.57 m) ([@B22]). After returning to cone A again, participants ran backward to the starting position. The participant completed a practice test followed by three attempts, with the shortest time considered for analysis. Times were recorded by two pairs of photocells (Timing System, Salt Lake City, UT, United States).

For muscle power evaluation, a load corresponding to the 50% of one maximal repetition (1RM) test was used with a bench press, pull row and leg press machines. A warm-up of 10 repetitions with 30% 1RM load was performed. Then, the participant was verbally encouraged to perform the concentric phase of the exercise at the highest possible speed. The angle of each test was 90° and it was controlled by an experienced physical education professional. A linear encoder (Ergotest Innovation AS^®^, Linear displacement sensor SKU 1260 MuscleLAb System, Norway) connected to an integrated data analysis system was used (Ergotest Innovation AS^®^, MuscleLAb System, Norway). The speed was used to calculate mean and maximum power using the Musclab^®^ as described previously ([@B23], [@B25]; [@B19]; [@B28]).

With the CMJ test, the participant performed squats to the hip and knee angles that they thought were comfortable. Then, the participant performed a rapid jump to maximum height on a contact platform (Probiotics Inc.^TM^, Huntsville, AL, United States) ([@B24]). There were three attempts with a rest period of 1 min between each attempt. The highest jump was considered for analysis.

The protocol of [@B18] was used to evaluate the static resistance of the core, with three tests that evaluate trunk flexors, trunk extensors, and side bridge exercise. The individual was encouraged to remain in the position of each test for as long as possible, with time to task failure as the dependent variable. In the side bridge test, the mean between the right and left sides was used ([@B28]).

Statistical Analysis {#S2.SS4}
--------------------

Descriptive statistics were performed for all data. The relationships between variables were determined using multiple regressions with a backward stepwise type to define the best statistical power predictor(s). Core endurance was represented by the interaction of the three tests (trunk flexion, trunk/back extension, and side-bridge) and used as an independent variable. Each athletic and functionally related variable was used as a dependent parameter in the model. Thus, it was analyzed whether the variable: endurance (modeled as the interaction of the tests: trunk flexion, trunk extension, and side-bridge) influenced each of the different athletic and functional parameters. In addition, a univariate regression was used to analyze separately how each of the trunk tests influenced the performance parameters. The program SPSS 20.0 (SPSS Inc., Chicago, IL, United States) was used for all the statistical analyses. The raw data supporting the conclusions of this manuscript will be made available by the authors, without reservation, to any interested researcher. The significant level was fixed at *p* \< 0.05.

Results {#S3}
=======

The multivariate regression identified that the union/sum of the three-predictor core endurance variables (McGill protocol) was able to exert a greater statistical power than the individual tests (i.e., trunk flexion, extension and side bridge tests) to explain the dependent variables ([Table 1](#T1){ref-type="table"}). [Tables 2](#T2){ref-type="table"}, [3](#T3){ref-type="table"} show the *r*^2^ values and *p*-value (significance) of the interaction between the core endurance and each functional performance variable. As shown in [Tables 1](#T1){ref-type="table"}--[3](#T3){ref-type="table"}, the relation to the other performance variables, there were statistically significant influences from 10.9 to 46.9%, with the greatest influence being the Yo-Yo test.

###### 

Descriptive values of core variables and functional performances.

  **Variables**                           **Mean and SD**
  --------------------------------------- -----------------
  Trunk flexion (s)                       106.3 ± 41.8
  Back extension (s)                      94.0 ± 31.5
  Side bridge (s)                         50.4 ± 21.8
  Functional movement screen (unitless)   13.2 ± 2.0
  Countermovement jump (cm)               39.2 ± 19.6
  Sit to stand (cm)                       41.5 ± 7.4
  Push-up (cm)                            18.4 ± 9.7
  Pull row (kg)                           54.5 ± 20.7
  Bench press (kg)                        44.5 ± 21.1
  Leg press (kg)                          360.7 ± 100.5
  Pull row (W)                            223.3 ± 114.3
  Bench press (W)                         119.2 ± 84.2
  Leg press (W)                           756.5 ± 341.0
  *T*-test agility (s)                    13.40 ± 4.26
  Yo-Yo test (m)                          284.7 ± 147.8

###### 

Association between core endurance model and dependent variables such as jump ability, functional movement screen, ability to lift, push-ups, agility, and cardiorespiratory capacity.

                              **Variable**     ***R*^2^**   **β**   ***R*^2^ significance**   **Individual *R***
  --------------------------- ---------------- ------------ ------- ------------------------- --------------------
  **CMJ (cm)**                                                                                
                              Trunk flexion                 0.006                             0.096
  Model                       Back extension   0.014        0.015   0.807                     0.003
                              Side bridge                   0.023                             0.075
  **FMS (score)**                                                                             
                              Trunk flexion                 0.007                             0.043
  Model                       Back extension   0.209        0.001   0.001                     0.096
                              Side bridge                   0.036                             0.194
  **Sit to stand**                                                                            
                              Trunk flexion                 0.013                             0.003
  Model                       Back extension                0.033   \<0.001                   0.000
                              Side bridge      0.198        0.171                             0.171
  **Push up (repetitions)**                                                                   
                              Trunk flexion                 0.049                             0.075
  Model                       Back extension   0.157        0.034   \<0.001                   0.008
                              Side bridge                   0.149                             0.126
  ***T*-test (s)**                                                                            
                              Trunk flexion                 0.002                             0.011
  Model                       Back extension   0.036        0.017   0.497                     0.028
                              Side bridge                   0.020                             0.023
  **Yo-Yo test (m)**                                                                          
                              Trunk flexion                 0.837                             0.098
  Model                       Back extension   0.469        0.786   \<0.001                   0.017
                              Side bridge                   3.397                             0.104

CMJ, countermovement jump; FMS, functional movement screen.

###### 

Association between core endurance model and dependent variables: maximum dynamic strength and power.

                         **Variable**     ***R*^2^**   **B**   ***R*^2^ significance**   **Individual *R***
  ---------------------- ---------------- ------------ ------- ------------------------- --------------------
  **Pull row (kg)**                                                                      
                         Trunk flexion                 0.048                             0.012
  Model                  Back extension   0.109        0.164   0.046                     0.006
                         Side bridge                   0.294                             0.065
  **Bench press (kg)**                                                                   
                         Trunk flexion                 0.026                             0.009
  Model                  Back extension   0.149        0.157   0.012                     0.006
                         Side bridge                   0.334                             0.096
  **Leg press (kg)**                                                                     
                         Trunk flexion                 0.414                             0.063
  Model                  Back extension   0.144        0.437   0.013                     0.007
                         Side bridge                   1.472                             0.121
  **Pull row (W)**                                                                       
                         Trunk flexion                 0.396                             0.036
  Model                  Back extension   0.152        0.763   0.016                     0.024
                         Side bridge                   1.914                             0.121
  **Bench press (W)**                                                                    
                         Trunk flexion                 0.257                             0.018
  Model                  Back extension   0.136        0.707   0.026                     0.003
                         Side bridge                   1.299                             0.087
  **Leg press (W)**                                                                      
                         Trunk flexion                 0.414                             0.011
  Model                  Back extension   0.122        0.437   0.013                     0.000
                         Side bridge                   1.432                             0.099

The CMJ, *T*-test agility and pull-row were not significantly influenced by the core endurance tests, but trunk endurance influenced the variables: FMS (20.9%, *p* = 0.001), Sit to Stand (19.8%, *p* \< 0.001), Push up (15.7%, *p* \< 0,001), and Yo-Yo (0.46%, *p* \< 0.001) ([Table 2](#T2){ref-type="table"}).

Regarding the strength measures ([Table 3](#T3){ref-type="table"}), there was a significant influence on the variables: pull row (10.9%, *p* = 0.046), bench press (14.9%, *p* = 0.012), and leg press (14.4, *p* = 0.013). Regarding the power measures there was significant influence on the variables: pull row (15.2%, *p* = 0.016), bench press (13.16%, *p* = 0.026), and leg press (12.2, *p* = 0.013).

Discussion {#S4}
==========

Previous studies have suggested that greater core strength can facilitate force transmission from the proximal body segments (i.e., trunk or core) to the extremities, increasing motor efficiency ([@B12]; [@B31]; [@B34]; [@B38]). However, this relationship has not been well established by previous research. Although we did not directly evaluate the possible contributions of the core to segmental movement, this study provides an analysis of the potential that core endurance influences more complex neuromotor activities, such as running, jumping, pushing, among others. The main findings of this study were that the endurance of the core is related to the individuals' ability to run intermittently and in general to have a better quality of movement (i.e., FMS). Despite this, core endurance was not able to predict jump ability and agility.

The main finding of this work showed that, unlike previous works ([@B20]; [@B21]), core endurance displayed a significant, positive association with some athletic and functional tests. These results can be explained by two reasons. As far as we know, this study was the first to evaluate the potential influence of core endurance on athletic and functional-related measures avoiding the potential bias induced by bivariate correlational analyses. Several studies investigating the relationship between core endurance and performance also used the McGill protocol ([@B20]; [@B21]; [@B2]). This test quantifies the ability of the muscles to sustain a prolonged contraction in different planes being sensitive to detect endurance improvement caused by core training programs ([@B10]; [@B33]; [@B1]). Nevertheless, unlike most studies that performed bivariate Pearson's correlations, we have carried out a multiple regression analysis, which permits a proper analysis of the global core endurance contribution for each athletic and functionally related measure. This global core endurance is assessed by the interaction between trunk flexion, extension, and side-bridge tests, which represent the anterior, posterior and lateral trunk muscles, respectively. On the other hand, the significant association found between core endurance and motor performance could be explained by the characteristics of our sample in which participants were classified as inactive young individuals.

The role of core endurance as a determinant parameter for functional independence was confirmed by the significant association between core parameters and functional performance tests. This is the case with the tests that evaluated the functionality, either in the perspective of how the individual moves (20.9%), how they sit and stand from a chair (sit to stand, 19.8%) or push-up from the ground (15.7%). Regarding the quality of movement, [@B21] stated that there was no correlation between the seven movements of the FMS and the trunk flexion, extension, and side-bridge tests. However, while the total FMS score was not used, the study sample from [@B21] was recreational athletes, which may partially explain the difference between the results. This can be ratified when analyzing the interaction between the three tests that compose the McGill tests in this study. There is greater predictive power for the quality of movement, when the three tests are evaluated as a unit score. When analyzing the core muscles separately ([Table 2](#T2){ref-type="table"}), each muscle influenced the quality of movement differently, with the lateral trunk flexors the most influential. However, the positive results from the multiple regression model suggest that when the individual moves (quality of movement), there is a synergic interaction between the core muscles and movement of the upper and lower limbs.

The muscular strength of lower limbs was evaluated with one of the most functional human actions; to sit and stand. [@B26] evaluated three different conditions of the sit-to-stand test. In the first and second condition, 5--10 repetitions were performed, respectively, both occurring at a rate of 40 beats per minute (controlled by a metronome). The last condition was the maximum number of repetitions in 30 s. They observed that in the last condition, there was an increase in the muscular activation of the erector spine, and in all conditions, the tibialis anterior (23--26%), quadriceps (20--21%), rectus abdominis (17--18%), and erector spinae (10%) were the muscles that participated most in this sitting and standing from the chair. This finding shows that with the overload of only the body mass, there is a contribution to the global core muscles from 30 s of sitting and standing. In this sample, the sit-to-stand test lasted for one minute, which probably emphasized muscular endurance.

Regarding the significant association found between the McGill's test and push-up test, pull-row, and bench press, our results seem to confirm previous findings, which suggested the relevance of core endurance as a pertinent factor to maintain proper upper-body performance over time. These results support previous experimental findings, which showed that core fatigue reduces the ability to produce upper-body strength ([@B27]). Interestingly, the push-up test showed a slightly higher association with core endurance than the bench press test. These results could be related to previous findings showing that core muscle activation is higher during push-up than bench press test. Thus, [@B5] identified that the rectus abdominis muscle was activated at approximately 20% of MVIC (maximal voluntary isometric maximum contraction) in the young people during the push-up test. This activation was greater when compared to the bench press exercise (85% of 1RM [@B5]), demonstrating the functional role of the rectus abdominis in securing the viscera when the trunk is submitted to a greater intra-abdominal pressure. With push-ups, the trunk or core is not supported to the same extent as with the bench press.

The results of the association between the core endurance showed the highest significant results with the Yo-Yo IR (46.9%) but not for *T*-test (3.6%). These findings differ from other recent articles ([@B16]; [@B30]), which have investigated the relationship between the core endurance and the action of running. [@B34] and collaborators evaluated the core endurance of amateur runners with a static test (specific endurance plank test performance). Their results showed that core endurance influenced 47.1% of the running economy and 32.5% of the performance of a 1-h running performance test. [@B16] associated the cross-sectional area of the trunk muscles with a 20-m sprint and observed that the lumbar-sacral and erector spine muscles had a significant influence on this type of race. These findings assume that the time and magnitude the core muscles usage during the run is influenced by the time or distance in which the individual needs to remain during this action, and thus with distances less than 20 m, as in the case of the *T*-test, core endurance is not a major requirement. However, this result should be viewed with caution, since it can be influenced by other factors such as the running technique. Another variable that evaluated lower limbs power was the CMJ, in which the stretch-shortening cycle was used to help generate the maximum power during the execution of a jump. Since the influence of endurance is negligible with a CMJ, there was no significant correlation, which is in accord with [@B20].

As a limitation, it must be noted that core fitness variables (endurance, strength, stability) can differently influence motor performance according to the characteristics of each population. According to [@B30] and the concept of training and testing specificity ([@B4]), given the dynamic and intermittent characteristic of athletic performance, it would be expected the static core endurance tests may not be sensitive enough to measure the role of core function. However, in this study, unlike the population of healthy athletes, even when endurance was evaluated with static tests, it was able to predict the functional and athletic performance of young but sedentary adults. This seems to confirm that the core relevance is manifested in different ways according to the population characteristics (i.e., active versus inactive adults). However, this test might not be useful in other sport populations and in tests that dynamically evaluate the trunk.

Conclusion {#S5}
==========

In conclusion, core endurance exerted no significant influence on the agility and ability to jump, but it influenced the ability of the subject to run intermittently (46.9%), exert maximum force (between 10.9 and 14.9%) and power (between 13.6 and --15.1%), push-ups (15.7%), sitting and lifting (19.8%). In addition, individuals with higher core endurance had a better quality of movement (20.9%).
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